is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. Quantifying the surface roughness evolution in contacts is a crucial step in the fatigue prediction process. Surfaces are initially conditioned by the running-in process and later altered by surface fatigue. The aim of this study is to understand and predict the evolution of the micro-geometry in the first few overrolling cycles. Numerical predictions are validated by experiments. A major difficulty in understanding surface degradation is the measurement of the surface roughness evolution at the relevant scales. A twin disc micro-test rig, called μMag, was specially designed for this kind of analysis. The μMag allows the "in situ" observation of changes in the disc surface during interrupted tests, thus avoiding dismounting the specimens, which is a major cause of inaccuracy. The new method also maintains the relative position of the two discs. The precision of the measurements allows one to use the initial surface microgeometry as input for the numerical contact calculation. Thus, the plastic deformation of the surfaces can be measured during the first cycles and compared to the numerical prediction. Results show a very good agreement between numerical predictions and experimental measurements.
Introduction
Quantifying the surface roughness evolution in interacting contacts is a crucial step in the fatigue prediction process. Surfaces are initially conditioned by the running-in process and later altered by surface fatigue. Two difficulties are associated with running-in, the experimental analysis of the asperity and surface evolutions with time and the numerical modeling of the microgeometry change due to wear and plastic deformation.
The authors focus on the surface evolution during the very first cycles, as important changes in the surface geometry occur rapidly. The aim of this study is to understand and predict the evolution of the micro-geometry in the first few over-rolling cycles. A major difficulty in understanding surface degradation is the measurement of the surface roughness evolution at the relevant scales. A twin disc micro-test rig, called μMag, was specially designed for this kind of analysis. The μMag allows the "in situ" observation of changes in the disc surface during test interruptions, thus avoiding dismounting the specimens, which is a major cause of location inaccuracy. The new method also maintains the relative position of the two discs. The precision of the measurements allows one to use the initial surface micro-geometry as input for the numerical contact calculation.
An extensive experimental and theoretical literature is devoted to running-in: Blau [1] , Kragelski et al. [2] or the proceedings of an entire conference [3] . In the literature experimental results are mostly devoted to surface roughness and its evolution. The rough surface evolution is classically expressed using the Ra or Rq parameters and their evolution over time [4] [5] [6] [7] [8] [9] [10] [11] . A statistical approach is also used to study rough [12, 13] and fractal contacts [14, 15] and to monitor functional contact parameters such as contact area and mean pressure. Evolutions of the contact models include independent spherical elasto-plastic asperity contact [16, 17] or even more realistic models [18, 19] . These statistical methods do not permit a deterministic surface roughness prediction.
The increase in computer performance has allowed one to use deterministic surface roughness as input data in numerical contact models to investigate the local asperity deformation. Kalker and Hills et al. [20, 21] developed numerical methods to deal with nonhertzian contact problems. Following these pioneering works, numerical modeling of real rough surfaces under elastic contact conditions has been performed by Yonqing and Linqing [22] , Webster and Sayles [23] , Nogi and Kato [24] , Polonsky and Keer [25] , and Sainsot and Lubrecht [26, 27] using a variety of techniques including FFT and multigrid. Extensions have been developed introducing plasticity in semi-analytical methods [28] [29] [30] [31] . The direct determination of the stabilized mechanical state induced by repeated rolling contact in the case of shakedown (elastic or plastic) was proposed [32] and relies on the steady state assumption in the moving contact reference frame. This direct stationary method calculate the steady state solution at once. For the three dimensional rolling contact problem, a numerical procedure based on finite elements and Fourier expansion was developed to reduce the computational cost [33] . More recently, improvement of computer facilities has allowed the use of Finite Element Methods [34] [35] [36] [37] , employing a large panel of constitutive laws, but computing times remain significant [38] .
Concerning rolling contacts, a combined experimental and numerical approach using surface roughness was presented by Hooke and Li [39] . Surface roughness measurements were used as input data for 2D numerical simulations to determine the corresponding EHL pressure distributions and stresses. However, very rough surfaces and relatively soft materials were used to avoid important relative measurement errors.
The purpose of this paper is to predict the surface topography at the roughness scale, after the running-in process of contacting metal surfaces under pure rolling conditions. Experiments are performed, using a 52100 steel discs with a Ra roughness of 0.6 and 0.01 mm. The material and surface geometry are selected as they are close to industrial applications. The surface roughness evolution is monitored during the beginning of the running-in process. The measurement technique developed is described in Section 1. Section 2 briefly presents the elastoplastic contact model developed by Mayeur et al. [40] . This model is based on the direct stationary method proposed by Zarka et al. [41] and Inglebert et al. [42, 43] to determine the stabilized state of the material under cyclic loading. It is used to determine the contact pressure distribution, the asperity plastic deformation and the subsurface stresses. To validate the model, the experimental plastically deformed geometry is compared to the numerical elastoplastic prediction.
Experimental

Test rig description
A two-disc machine named mMaG has been developed in the lab to perform detailed studies of rough surfaces in contact. This test rig allows one to: (i) perform tests one cycle at the time, (ii) to maintain the relative position of the disks during surface measurement, (iii) to measure exactly the same surface zone each time and (iv) to reposition numerically the smooth and rough surfaces with respect to one other, with a micrometer precision.
(i) The test machine (Fig. 1 ) has a stepper motor and a position sensor of 65,536 points per revolution. (ii) The disk unit (comprised of upper and lower disc) can be removed from the test rig whilst maintaining the relative position of the two discs. The disc unit height is only 5 cm and it can be positioned under an optical microscope or roughness analyser (Fig. 2) . As such the roughness evolution can be observed cycle after cycle. (iii) Relocation to one micrometer, allows optical microscope measurements or roughness analysis to study exactly the same surface area (Fig. 3a) . Fig. 3b shows the microgeometry after 1 and 20 cycles of the smooth disk. The roughness outside the track (y o À 200 mm or y 4200 mm) does not evolve and superposes (Fig. 3c ). (iv) Finally, contact calculations between the rough and smooth surfaces are carried out (Fig. 4) .
The stepper motor directly drives the smooth, lower disk. The rough upper disk is entrained by friction and pure rolling conditions are considered for the rest of the work.
Operating conditions
The two discs are made of 52100 steel ( Table 1) . The upper disc is crowned and longitudinal grooves were machined with a 0.6 mm Ra roughness. The lower disc is cylindrical and polished to a roughness of 0.01 mm Ra.
The contact is dry, no lubricant is used and the rotational velocity is very low: one revolution per minute. The two discs are very close to pure rolling, virtually excluding any third body generation. The surface transformation is limited to the generation of residual stresses, due to plastic deformation, in a very shallow subsurface layer. The applied normal load is 121 N, yielding a maximum Hertzian pressure of 2 GPa and a contact radius of 170 mm ( Table 2) .
The maximum Hertz pressure p 0 for yield is given by (p 0 ) Y ¼3.2k and (p 0 ) Y ¼2.8k (Tresca, Von Mises), where k is the yield stress in simple shear equal to 1 GPa [6] . This pressure value implies a globally elastic contact. Obviously, at the scale of the roughness, the contact will be locally plastic
Experimental results
This work analyses the surface roughness evolution versus the number of cycles. During each cycle the asperity tops of the rough disc indent the smooth disc surface over a domain ranging from y¼ À200 mm to y¼ 200 mm.
The tests are interrupted after a certain number of cycles. At each interruption, pictures are taken and two dimension surface topography measurements are performed (Fig. 3a) . One dimensional roughness profiles are extracted (Fig. 3b ) from the surface topography at the same location ( 70.5 mm) after 0, 1, 10 and 20 cycles (Fig. 5 ) of both rough and smooth discs. The precision of the relocation is demonstrated by the superposition of the roughness profiles outside the track.
During the test, the height of the asperities is reduced as shown in Fig. 5 (c) and a zoom (d). The reduction is not the same for all the asperities, as it depends on initial height and position within the contact. This height reduction concurs with the formation of grooves on the smooth disc; the groove depth is roughly equal to the peak height decrease. Careful surface observation showed no signs of wear.
More precisely, the geometrical evolution of the rough and smooth disc can be described by:
An increase of the contact area and an increase in the number of asperities in contact, from 5 at cycle 1 to 8 at cycle 10. The real area of contact increases roughly by 8%.
A decrease of the height of the asperities, due to plastic deformation.
On the smooth disc, grooves are formed. These grooves are surrounded by shoulders. Their height depends on the depth and shape of the groove shown in Fig. 5 (a) and a zoom (b). This demonstrates that material flow occurs during contact. A literature survey was carried out, to decide on the number of cycles, necessary to reach an elastic shakedown state. Once the elastic limit is exceeded, plastic deformation takes place and generates residual stresses. These are essentially protective, as the material strain-hardens and thus increases its effective yield stress [6, 44] . After a few cycles, the residual stresses have reached such values that subsequent load passes result in entirely elastic deformation. Hence, a purely elastic cyclic steady state is reached.
For a circular elasto-plastic contact and an isotropic material, Johnson [6] stated that the residual stresses build up very quickly and a steady state is virtually reached after four or five load cycles.
Jiang et al. [38] performed a 3d finite element study of a spherical rolling contact and considered a material obeying a kinematic hardening constitutive law. For a mild steel (1070 steel, 192HB), it was shown that the residual stresses stabilise after a finite number of load cycles. They also performed simplified 2d finite element analysis to obtain results in a shorter time. After approximately 30 cycles, they obtained a stabilised state. The residual stress values after the tenth and twentieth cycle were found to be 8 and 3% less than the stabilised value.
Under repeated spherical indentation and for a material with a linear isotropic hardening constitutive law, Kadin et al. [45] showed that a steady state is reached after the first loadingunloading cycle and that the subsequent loading cycles become fully elastic.
In 2010, Li et al. [46] studied the effect of asperity flattening during cyclic normal loading of rough spherical contacts. Li et al. also showed, that after the first cycle, a tendency towards reduced plastic deformation with subsequent load cycles occurs (elastic shakedown).
Concluding, the different models and different constitutive laws used in previous work show that elastic shakedown is reached after a dozen load cycles. The material used in this paper is a 51200 steel and obeys a kinematic hardening constitutive law whose characteristics are given in Table 1 . The experiments were performed under pure rolling conditions and one observes that the roughness profiles were very close after 10 and 20 cycles. We assume the 10th cycle to be our stabilised reference state, for our numerical calculations.
Partial conclusion
A new twin-disc was built to analyse the roughness topography evolution with load cycles. Because of its small dimensions, the surface topography measurements can be performed, without separating the contacting discs. This opens the possibility to study the surface evolution cycle after cycle.
It was observed that after 10 cycles the roughness topography evolved little, and that local plastic deformations ceased to occur. The next section will use an elasto-plastic contact model to simulate the contact between the measured rough surfaces. Measurements of the contacting surfaces are taken after 0 and 10 cycles. The measured smooth and rough profiles after 0 cycles are used as input in the numerical simulation. The next section is devoted to the numerical simulation of the experiments. A 3d numerical elastoplastic model for rough contacts is briefly presented. The pressure field and the subsurface stresses are computed. The deformed surface is compared to the measured surface after 10 cycles. The stabilized state is reached after one single calculation: hence no intermediate measured profiles are used. 
Numerical model
Elasto-plastic model for rough rolling contact
In the case of repeated contact loadings, the occurrence of damage implies plastic strain. Finite element methods and semianalytical methods are generally used to perform elastic-plastic analysis of rough contacting rolling bodies. The former is able to deal with complex geometrical designs with actual roughness and advanced constitutive laws can be used. Nevertheless, the mesh refinement required to perform analysis at the roughness scale leads to very lengthy calculations. The computing time is further augmented by the incremental step by step integration employed to calculate the stabilised state. Semi-analytical methods are efficient and robust, but limited to simple geometries (like half planes, spheres, cylinders) and classical elasto-plastic constitutive laws [28] [29] [30] [31] . Specific computational techniques allow one to reduce the calculation times, particularly by replacing classical incremental methods by stationary methods [32] .
The stationary method, based on the work of Zarka et al. [41] , Inglebert et al. [42, 43] and Dang Van et al. [32] , allows the determination of the asymptotic response of the structure without following the loading step by step. It applies to a structure subjected to contact loads moving with a velocity V in a fixed direction. Assuming a steady state in a reference frame moving with the load, the equations governing the problem are written in the moving frame related to the load. This allows one to replace time derivatives by space derivatives along the direction of motion. In this method, both the load and the structure are stationary. The stabilised state caused by the cyclic load is reached directly. This original scheme of integration has been employed in finite element methods [32, [41] [42] [43] .
This stationary method has been implemented in a semianalytical elasto-plastic model developed by Mayeur et al. [40] . This computational model is able to deal efficiently with 3D rough rolling contact. The material behaviour adopted is a Von-Mises elastic-plastic model with linear kinematic and isotropic hardening. These assumptions are quite suitable to represent a metal, especially for cyclic loading, and are easy to implement in a numerical procedure.
The yield condition is defined by
where s ij are the deviatoric stress tensor components, ϵ p ij the plastic strain tensor components, C the hardening modulus, s y the elastic limit in traction and δ ij the Kronecker symbol. In a nine dimensional space (the deviatoric stress space), the elastic domain is represented by a sphere of radius ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2=3s y p which has a translation proportional to plastic strain rates.
Plastic flow is governed by
where the dot denotes the time derivative of the variables. The elasto-plastic problem is solved with the simplified method proposed by Zarka et al. [41] , Inglebert et al. [42, 43] and Dang Van et al. [32] .
This method has been applied to the 3D rough rolling contact, with roughness ridges in the rolling direction x (hence, constant roughness in the x direction). Under these conditions, the residual stresses and deformations are constant in the x direction.
Nevertheless, the solution of the contact problem and the residual stresses are calculated in 3D. The numerical procedure is outlined in Fig. 6 .
In the current paper, this semi-analytical model has been used. The two initial surface profiles are extracted from the rough and smooth discs and the experimental test conditions are numerically reproduced. The numerical method is based on a boundary integral formulation for an elastic half plane. Only the zone where plasticity may occur is discretised and the remaining domain is considered elastic. This allows a significant gain in computing time compared to the Dang Van et al. study [32] .
Simulation of experimental tests
The "Mayeur method" allows one to treat a three dimensional rough rolling contact when the roughness consists of ridges oriented along the rolling direction. This configuration is representative for the smooth and rough disc contact, because of the manufacturing process.
The size of the plastic domain is 400 Â 400 Â 50 mm 3 and is identical for both the smooth and rough disc. The mesh size is 4 Â 0.5 Â 0.5 mm 3 , assuming longitudinal roughness in the x direction. The elastic shear limit used for the plastic behaviour is k¼ 1 GPa and the hardening modulus is C ¼27 GPa ( Table 1) . The geometry and the load are those found in the experiment, see Section 1. The computing time on a standard laptop computer is approximately 2 h.
Solution of the real rough contact
To understand the impact of the plastic deformation on the contact behaviour, one analyses the pressure and stress distribution.
The upper part of Fig. 7 shows the contact pressures using the initial roughness geometry and applying 10 numerical load cycles. The maximum pressure is half the value obtained with a pure elastic calculation and the initial roughness geometry. Local high pressures arise at contacting asperity tops. These local pressures exceed 6 GPa with a maximum of 10 GPa.
The lower part shows the Von Mises stress distribution. The points where s VM /k 41 in grey correspond to the plastically deformed volume and 98% of these points have a value inferior to 2. The points where s VM /k4 2 coincide with a pressure exceeding 8.1 GPa. The pressure integral over these points represents only 0.2% of the total load. This result confirms the elastic shakedown hypothesis that assumes s VM /k o2.
Input data = Initial surface geometry, load, material properties.
3D contact problem is solved for the pressure distribution and contact area.
The corresponding elastic stresses are calculated.
An iterative loop determines the plastic strains and associated residual stresses. Convergence is required for the plastic deformation at 10 -3 .
The plastic surface deformation is calculated, with updated surface geometries, thus modifying the contact conditions.
Convergence is obtained if the number of plastic points is stabilized between two consecutive calculations. At the same time, the surface pressure has to converge at 10 -3 .
Convergence is obtained if the number of plastic points is stabilized between two consecutive calculations. At the same time, the surface pressure has to converge at 10 -3 . Fig. 6 . Flowchart of the elasto-plastic model by Mayeur et al. [40] .
Comparison of the experimental and numerical results
Fig. 8 presents 3 profiles: the initial profile, the profile measured after 10 cycles and the profile predicted by the numerical model after 10 cycles. The difference between the measured and the predicted profiles should be analysed in the light of the deformation from the smooth surface.
From a global point of view, a good correlation is obtained between the measured profile surface and the simulated one. Indeed, the crushing of material is similar. Material shoulders appear on both sides of the grooves.
More precisely, the grooves appear at the correct position, thereby confirming the precision of the relocation procedure. The mean depth of the five deepest grooves is 0.2 mm, 20 times larger than the initial surface roughness. Between each groove, the initial surface roughness is preserved, in spite of the shoulder formation.
The good agreement between experiments and the numerical prediction allows one to validate the numerical model.
Conclusion
The initial running-in process was studied experimentally and numerically. A dedicated twin-disc test rig, called mMaG, has been developed to analyse the surface evolution over the very first loading cycles, as important changes in the surface topography occur rapidly. The mMaG allows the in-situ observation of changes in the disc during test interruptions, thus avoiding the dismounting of the specimens, which is a major cause of inaccuracy. This method allows one to maintain the relative position of the two discs. A rough and a smooth disc were used. The Ra roughness was 0.6 mm for the rough disc and 0.01 mm for the smooth disc. The rough disc is crowned with longitudinal grooves and the smooth disc is a polished cylindrical disc. Measurements of each surface were carried out during the first twenty cycles. The measurements show a quasi stabilized surface geometry between 10 and 20 cycles.
The measured initial surfaces are used as input for numerical simulations. An elasto-plastic model based on the direct stabilized method was used to determine the evolution between the initial surface and the surface measured after 10 cycles. It was shown that the elasto-plastic model predicts the contact area and the surface topography evolution of the smooth surface very well. Moreover the numerical model predicts the plastic residual stresses and strains in the subsurface.
The elasto-plastic model is robust and computationally efficient and in spite of its simplicity it provides a detailed roughness prediction especially of the material shoulders.
The next step is to extend the analysis of the running-in process and to study the rough surface degradation up to one million cycles. . Evolution of a smooth disc: initial profile, profile measured after 10 cycles, profile computed after 10 cycles. The main point is that the difference between the measured and the computed profiles is very small. The initial profile has no grooves.
